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Surface Specific Kinetics of Lipid Vesicle Adsorption Measured with a
Quartz Crystal Microbalance

C. A. Keller and B. Kasemo
Department of Applied Physics, Chalmers University of Technology and Goéteborg University, S-412 96 Goéteborg, Sweden

ABSTRACT We have measured the kinetics of adsorption of small (12.5-nm radius) unilamellar vesicles onto SiO,, oxidized
gold, and a self-assembled monolayer of methyl-terminated thiols, using a quartz crystal microbalance (QCM). Simultaneous
measurements of the shift in resonant frequency and the change in energy dissipation as a function of time provide a simple
way of characterizing the adsorption process. The measured parameters correspond, respectively, to adsorbed mass and to
the mechanical properties of the adsorbed layer as it is formed. The adsorption kinetics are surface specific; different surfaces
cause monolayer, bilayer, and intact vesicle adsorption. The formation of a lipid bilayer on SiO, is a two-phase process in
which adsorption of a layer of intact vesicles precedes the formation of the bilayer. This is, to our knowledge, the first direct
evidence of intact vesicles as a precursor to bilayer formation on a planar substrate. On an oxidized gold surface, the vesicles
adsorb intact. The intact adsorption of such small vesicles has not previously been demonstrated. Based on these results,
we discuss the capacity of QCM measurements to provide information about the kinetics of formation and the properties of
adsorbed layers.

INTRODUCTION

Supported membranes are currently receiving increasinfpce between the nonbiological materials on the surface of a
attention. Scientifically they have proven invaluable in thesensor or implant and biologically active fluids. Lipid mem-
study of the properties and function of membrane-boundranes also provide a natural environment for the immobi-
proteins and, more generally, in the study of membranelization of bioactive molecules (Janshoff et al., 1996;
mediated processes such as cell-cell interactions (McCornFampeet al., 1996) such as enzymes, antibodies, or anti-
nell et al., 1986; Nollert et al., 1995) and biological signal gens. These properties provide much of the motivation for
transduction (Heyse et al., 1995). Practically, supportedising supported membranes in biosensors. The natural en-
membranes allow the biofunctionalization of inorganic sur-vironment for the active molecules offered by lipid mem-
faces. Potential applications include biosensors, the accebranes preserves their high sensitivity and selectivity by
eration and improvement of medical implant acceptancepreventing denaturation, the low bioactivity of the support-
programmed drug delivery, and the production of catalyticing membrane reduces spurious signals, and the localization
interfaces (Ebato et al., 1994; Sackmann, 1996; Tagetpe of the active molecules at a surface aids in signal transduction.
al., 1996). Whereas much effort has been put into the production and
The immobilization of the membrane at a surface permitsharacterization of different types of supported membranes,
rapid exchange of the fluids in contact with the membranecomparatively little work has been aimed at studying the
It allows the application of surface-sensitive probes such aprocesses by which they form (Brink et al., 1994; Feder et
surface plasmon resonance (SPR) (Ohlsson et al., 1993)., 1995; Heyse et al., 1995; Kalb et al., 1992; Lang et al.,
Stelzle et al., 1993; Striebel et al., 1994), total internal1992, 1994; Seifert and Lipowsky, 1990; Steinem et al.,
reflection fluorescence microscopy (TIRFM) (Kalb et al., 1996). For example, it is not known how small vesicles fuse
1992), impedance spectroscopy (Steinem et al., 1996), anglith a surface to form a bilayer. Understanding of these
acoustic sensors such as the quartz crystal microbalanggocesses is interesting for several reasons. These include
(QCM) (Ohlsson et al., 1995; Okahata and Ebato, 1989) andeveloping an understanding of how complex molecular
surface acoustic wave (SAW) devices (Gizeli et al., 1996)systems interact with surfaces (here lipid vesicles serve as a
The intrinsically low bioactivity, i.e., low degree of non- relatively simple model system) and of basic cellular pro-
specific adsorptivity (Heyse et al., 1995; Janshoff et al.cess such as endocytosis and exocytosis (Seifert and Lip-
1996; McConnell et al., 1986; Stelzle et al., 1993), ofowsky, 1990). From a practical point of view, they are
supported membranes makes them interesting as an inténteresting because important structural and functional char-
acteristics of a supported membrane, such as protein orien-

tation (Salafsky et al., 1996), depend on the way it is formed
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dioxide. We present the first use of combined frequency andhowed that this procedure produces a clean, Siface. After measuring

dissipation QCM measurements to study lipid membranediPid vesicle adsorption onto the surface, the crystals were soaked in a mild

and we demonstrate the capacity of this technique to disc_ietergent solution for several hours and then rinsed with water, dried under

. . . . . . N,, and stored. Immediately before each use, the surface was cleaned with
tinguish different types of surface-specific adsorption klnet'two cycles of the following procedure: exposure to UV-produced ozone

ics and to determine the properties of the completed memn air at atmospheric pressure for 10 min, rinsing with water, and drying

brane. under N..
MATERIALS AND METHODS Thiolated gold
Materials The gold electrodes on the QCM crystals were prepared for thiolation by

immersing the crystals in a 5:1:1 solution o§®tH,0,(30%):NH,(25%) at
Milli-Q water (Millipore, Molsheim, France) was used for the final clean- 80°C for 10 min, rinsing with water, and drying undes. Mfter cleaning,
ing of the cell, for the preparation of the surfaces, and for all solutions. Thehe crystals were immediately immersedi mM octadecylmercaptan in
buffer and electrolyte referred to as buffer throughout this paper is 10 mvhexane and left overnight. Inmediately before use the crystals were re-
Tris, pH 8.0, and 100 mM NaCl. The dye-lipid probe referred to as Texasmoved from the thiolation bath; rinsed with hexane, ethanol, and water in
Red DHPE isN-(Texas Red sulfonyl)-1,2-dihexadecaneytglycero-3-  succession; and dried undeg.N
phosphoethanolamine, triethylammonium salt (Molecular Probes, Eugene,
OR). Other materials include silicon dioxide for evaporation (Balzers
Process Systems, Sweden), octadecylmercaptan (Aldrich) for preparatiddxidized gold
of a methyl-terminated self-assembled monolayer (SAM), pro analysi

grade chloroform (Merck), and high-performance liquid chromatography—The gold electrodes on the QCM crystals were prepared for oxidation by

grade hexane (Fisher). The 5 MHz quartz crystal microbalance sensors afg€ Same cleaning procedure as before thiolation. Immediately before use,
polished 25.4-mm crystals with gold-on-chromium electrodes (Maxtek,{n® gold electrode was oxidized (Krozer and Rodahl, 1997) with two cycles
Torrance, CA). of the following procedure: exposure to UV ozone for 10 min, rinsing with
water, and drying under NKrozer and Rodahl (1997) have characterized
this surface by XPS and contact angle measurements. The former shows
the presence of gold oxide and chemisorbed oxygen, and the latter gives a

contact angle of less than 5°.

Small unilamellar vesicles (SUVs) were prepared according to the protocol

given by Salafsky et al. (Barenholz et al., 1977; Salafsky et al., 1996). Egg

phosphatidylcholine (EggPC) (Sigma) was mixed with 1 mol% Texas redPreparation of the measurement cell
DHPE in chloroform. Under flowing nitrogen, the lipid mixture was dried
onto the walls of a continuously rolled test tube, and then left for several

hours to ensure the removal of all of the solvent. The dried lipids were<”® _ : A
resuspended in buffer by vortexing under a nitrogen atmosphere 36r rinsing with water. Between subsequent runs using the same vesicle prep-

min. Lipid vesicles were formed by sonicating the suspension to clarity,arationv the cell was repeatedly rinsed with water. With this procedure the
using the 1/8-inch microtip of a Branson probe sonicator. To IC)r(_:.vemcharacter and amplitude of the frequency and dissipation shifts for the first
heating of the sample, the sonication was carried out on ice in 5-s puIse%nd subsequent runs were identical, but the kinetics were consistently

separated by 5-s cooling periods. The total sonication time was typically 6§/OWer during the first run. The second and later runs were identical. We
min. The vesicle suspension was then spun at 150;0afor 4.5 h to believe that during the first run lipid adsorption on the surfaces of the fluid

separate the SUVs from larger lipid structures. After centrifugation, thecell qnd the quuid handling system lowered the concentration of yesicles in

supernatant above the pellet was drawn off in three fractions, and the lipig®!ution, causing the adsorption to occur at a slower rate. Runs with a lower

concentration in each fraction was determined by measuring the adsorptidRitial vesicle concentration displayed the same behavior. Rinsing with

of the Texas Red dye. All of the work presented in this paper wasMillipore Water‘dld not remove the adsorbed Ilplds from the cell walls, and

performed with the second fraction, the lipid concentration of which (16.0thus the depletion of the solution was blocked in subsequent runs. Because

mM) lay between that of the first and third fractions. The SUV fractions ©f this, we generally used the first run on any given day to check that

were stored under Nin small vials at 4°C and were used over a 6-month adsorption on SlQreproduc?ed previous measuremen_ts. This aIIowe(_j us to

period. Over this time period there were no qualitative changes in theeheck for any effects of aging of the vesicle preparation, for contamination

adsorption behavior of the SUVs on any of the tested surfaces. of the buffer, and for cleanliness of the measurement cell.

The hydrodynamic radius of the vesicles measured by photon correla-

tion spectroscopy (PCS) was 12t50.4 nm. The width of the distribution

was very narrow, lying below the resolution of our experiments. This Measurement of adsorption kinetics

measurement agrees with previous work in which SUVs were prepare . . A

with the same protocol (Barenholz et al., 1977; Huang, 1969). The Iatera?Dur me.zasurement.systenﬁ is shown schema_tlcally in Fig. 1. The QCM

mobility of the lipids in the bilayers on SiQwas verified by fluorescence crystal is mounteod in afluid cell that alsg prowdes temperature .control 0

recovery after photobleaching (FRAP) (Groves and Boxer, 1995; Salafsk: ette_r thare=0.05°C. Exchange of the fluid in the cell is agco_mpllshed by

et al., 1996). In agreement with previous work (Nollert et al., 1995), Wegrawty feed from a 3-m'| temperature-contr_olled reservor dlre_ctly above

find that any exposure to air destroys the bilayer. the ceII..The exchange is controlled by g single valve. Immediately upon
completion of the final surface preparation step, the QCM crystal was

mounted in the fluid cell and exposed to clean buffer. After the measure-

P . f rf ment system was tuned to the resonant frequency of the crystal, the buffer

reparation of surfaces was exchanged at least twice—each time by allowing 2 ml of buffer to

Silicon dioxide flow through the cell—to check for contamination and to ensure that the
measurements were begun from a stable baseline. The adsorption measure-

The surface of a QCM crystal was cleaned by briefly etching in an oxygerments presented here were begun by replacing the buffer with SUVs

plasma (reactive ion etching) before the evaporation onto the surface of @iluted in buffer to a concentration of 146M (0.10 mg/ml). Exchanging

nm of Ti as an adhesion layer followed by 100 nm of Si®PS analysis  buffer for buffer or buffer for sample takes1 s and causes a transient

Preparation of lipid vesicles

Before each set of data runs, the fluid cell was cleaned by filling it with a
2% solution of Hellmanex Il, leaving it for at least 1 h, and then repeatedly
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the adsorption of a complete bilayer (76-93 s) and in the maximum
dissipation shift (1.2—2.0x 10~ ), whereas the total frequency shift after
evaporated or spun film completion of the bilayer was reproducible to withif.5 Hz, and the peak
or SAM in the frequency shift (see Fig. 2) showed little variation (60-68 Hz). We

fluid inlet

valve have yet to determine the source of these variations.
driving
voltage RESULTS AND DISCUSSION

Fig. 2 shows the measured frequency and dissipation shifts
as a function of time for the adsorption of SUVs on three
different surfaces—on a self-assembled monolayer of meth-
yl-terminated thiols on gold, on SiQand on oxidized gold.
The first surface is extremely hydrophobic because of its
—CHg; termination, whereas the latter two are quite hydro-

LA A AR AR AR R A AR AR R A RAANARR R AN AN

QCM philic. For each surface, the measurements are plotted on
il identical scales.
fluid outlet . . .
grounded T SiO,: bilayer adsorption
electrode (gold)

Once the adsorption of SUVs of EggPC onto Si®com-
FIGURE 1 Schematic of the QCM crystal mounted in the fluid cell. Pl€te, the total frequency shift is 26.0 Hz and no further
adsorption is observed (Kalb et al., 1992). For the QCM
crystals we use, this corresponds to an adsorbed mass of 468
spike in the measured frequency and dissipation. The transient recoveﬁg/(;m?. Dividing this into the molecular mass of the lipid
within a few seconds and does not affect the baseline of the measurement, oacjle (768 Da; Huang and Mason, 1978) and assuming

To minimize the fluid exchange transients and thermal drift, the fluid cell, bilaver tonolo ives a surface area per molecule of 55
buffer, and samples were all maintained at a constant temperature lay pology giv u p u

21.8°C. A set of rinses with clean buffer were performed after the adsorp 2. This is consistent with the formation of a bilayer,
tion was complete to check the stability of the adsorbed layer. Afteralthough somewhat smaller than the 66—6diicated in
rinsing, the adsorbed layers have been stable for as long as we ha\mevious work (Huang and Mason, 1978). The difference
monitored them-1 h on each surface). For the 5-MHz QCM crystals used may be accounted for by our neglect of the hydration of the

in this study, a frequency shift of 1 Hz corresponds to an adsorbed mass of . .
18 ng/cnt. For comparison, the adsorption of a complete lipid monolayer?Ipld molecules and the mass of the thin layer of water that

corresponds to a frequency shift of 13 Hz. Repeated measurements 6% thought to exist between the bilayer and the surface
adsorption on Si@show some variability in the time required to complete (Johnson et al., 1991). Our observations are consistent with

Gold with alkane thiol Si0, Oxidized gold

monolayer adsorption two steps to bilayer intact vesicle adsorption
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FIGURE 2 Change in QCM resonant frequency and dissipation versus time for the adsorption of SU\& gatd with a SAM of methyl terminated

alkane thiols, If) silicon dioxide, and€) oxidized gold. Note that the time, frequency, and dissipation scales for the three sets of data are identical. Rinses
occurred at the spikes at 740 sdrand at 541 s and 616 s m The inset in each frequency versus time plot is a schematic depiction of the adsorbed layer
as deduced from the experimental results. These pictures are not to scale.
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previous work that has shown that SUVs of EggPC adsortsubmitted for publication). Any deviation from these as-
as a bilayer on Si©(Brian and McConnell, 1984; Salafsky sumptions will result in over estimation of the adsorbed
et al., 1996). Note that once the adsorption of the bilayer isnass. Together the rapid saturation of the adsorption, the
complete, there is no net change in the measured dissipatability of the adsorbed layer to rinsing, and the lack of
tion. The interesting nonmonotonic adsorption kinetics (Fig.multilayer adsorption after the adsorption of a monolayer or
2 b) will be discussed later. a bilayer on the other surfaces treated in this paper suggest
that the observed adsorption is not due to the formation of
multilayers (Ohlsson et al., 1995) or to the adsorption of an
Methyl-terminated SAM: monolayer adsorption amorphous layer whose thickness is determined by an equi-

The adsorption of SUVs onto a SAM of methyl-terminated“b”um between ads.orp'uon'and dgsorptlo'n. Al of our ob-
servations are consistent with the irreversible adsorption of

thiols displays the simple exponential behavior characteris- : - . -~
. ; . o a dense monolayer of intact lipid vesicles on oxidized gold.
tic of adsorption of a monolayer by first-order kinetics. The N . .
. . The large dissipation shift seen for the adsorption of
total frequency shift (13.0 Hz) is half of that observed for . .- T o
. AT . o intact SUVs on oxidized gold is in striking contrast to the
bilayer adsorption, indicating the formation of a lipid mono- T, : ;
. . . lack of dissipation shift for either a completely formed
layer. If we consider the hydrophobic interaction to be the, . . oo :
d L T . bilayer or a monolayer. This reflects the intrinsically differ-
primary driving force, this is exactly what is expected

. . A ent structure of the adsorbed layer on oxidized gold, and
energetically for the adsorption of an amphiphilic moleculeh. hliahts the utility of measuring both the frequency and
onto a hydrophobic surface in an aqueous solution. Note & 9" hif YO 9 h th Iq . 3|/
that no change in dissipation occurs during the adsorptiorc1“SS'patlo.n.S ifts during adsorption. Both the lipid bi ayer
process. and the lipid monolayer are very compact structures lying

close to the surface of the QCM, where they couple strongly

to the motion of the crystal surface; this explains the ab-
sence of a measurable dissipation shift for these structures.
Adsorbed vesicles are substantially larger and less compact
When EggPC SUVs are adsorbed onto an oxidized goldtructures and are thus subject to larger deformations under
surface, there is a large shift in the resonant frequencghear stress. Driving the shear motion of the outer surface of
(seven times larger than on the methyl-terminated thiothe adsorbed layer requires coupling of the motion of the QCM
surface) accompanied by a large shift in the dissipation. Waurface through the vesicles and into the fluid. This process can
attribute this to the adsorption of a close-packed layer otause deformation of the vesicles, which via internal friction
intact lipid vesicles. Three observations support this interwill cause an increase in the energy dissipation.
pretation: 1) The large frequency shift (90.0 Hz) corre- We believe that the intact vesicles on oxidized gold (12.5
sponds to that expected for the adsorption of lipid vesiclesim radius) are the smallest vesicles that have been observed
with a radius of 12.5 nm. 2) The adsorption rapidly saturateso adsorb intact on any surface (Nollert et al., 1995; Xia and
at a consistent value that is unaffected by rinsing. 3) The/en, 1992). These vesicles are much smaller than the crit-
large dissipation shift indicates that the structure of thecal radius R- =~ 200 nm) below which Seifert and Lip-
adsorbed film is fundamentally different from either an owsky (1990) predicted that vesicle binding will depend on
adsorbed monolayer or an adsorbed bilayer. a competition between the adhesive energy and the bending

Now we discuss each of these observations in a littleenergy. They also predict that in this regime vesicles below
more detail. First we estimate the frequency shift. The totah certain potential-dependent size will spontaneously un-
mass of a layer of intact vesicles can be estimated byind from the surface. The results presented here should
assuming that the layer is formed of close-packed spherepyovide a useful test case for this theory. The high polariz-
including the mass of the buffer within the vesicles, andability of the gold surface maximizes the attractive poten-
including the mass of the buffer trapped between the vesitial, and as a consequence makes it not too surprising that
cles and the surface; the last is estimated by including theuch small vesicles adhere to the surface. What is surprising
pore volume between the spheres that lies between a platie that the strong attractive potential does not cause the
through the center of the spheres and the plane of theesicles to rupture.
surface. The result is an added mass of ug8&nT for the Lipowsky and Seifert propose as part of their analysis of
spheres and the buffer inside of them and 0.58&n¥ for  that vesicle rupture occurs when strong adhesive forces
the buffer trapped below the midline of the spheres. Theseause the tension in the membrane of the spherical cap of an
estimates correspond to a total frequency shift of 107 Hzadsorbing vesicle to exceed the threshold for disruption of
This is slightly larger than the measured frequency shift ofthe membrane; they also propose a mechanism for vesicle
90 Hz. The difference can be attributed to our assumptionfusion on a surface (Lipowsky and Seifert, 1991). These
that the layer of vesicles is close-packed without defectsmechanisms could explain why we see intact vesicles on
that the vesicles do not experience any flattening wheroxidized gold and a bilayer formed from ruptured vesicles
adsorbed on the surface, and that the frequency shift of then SiO,, except that both of these mechanisms predict that
QCM is strictly proportional to the mass, even when a largehe outer surface of the vesicle becomes, primarily, the
dissipation shift is observed (Voinova et al., manuscriptleaflet of the bilayer facing the surface. This contradicts

Oxidized gold: adsorption of intact vesicles
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experiments by Salafsky et al. (1996) on the formation ofoccurs at a rate that is of the same order of magnitude but
bilayers from vesicles containing proteins (before the addisomewhat faster than the time required to break and spread
tion of the proteins their vesicle preparation is identical tothe vesicles. To test this we have looked at the adsorption of
ours). In their experiments, they showed that vesicles witfSUVs onto SiQ from SUV solutions of different concen-
95% protein orientation produced a bilayer with 90% ori- trations. We found that the rate of the initial mass uptake
entation. The end of the protein at the outer surface of thand the rate at which the system thinned to a bilayer both
vesicle was oriented away from the surface. changed with concentration. Both rates increased as the
We are currently performing experiments to look at theconcentration increased. Because a vesicle needs to adsorb
stability of a partially formed layer of vesicles and to before it can break, there is obviously a coupling between
determine the order of the adsorption kinetics. We havehe two processes, but our measurements suggest that the
performed FRAP measurements on this surface, but theoupling is quite complex, because the magnitude of the
results were inconclusive because the fluorescence is almogeak in the frequency shift did not change with the concen-
completely quenched by the gold surface. We are performtration of the vesicle solution. Further measurements and
ing further characterizations to confirm the intact adsorptiormodeling are being performed in an attempt to clarify the
of these vesicles. relationship between the adsorption of vesicles on the sur-
face and the rate of breaking and spreading.

Bilayer adsorption on SiO,: adsorption kinetics CONCLUSIONS

Probably the most striking aspect of the data shown in Figwe have demonstrated that simultaneous frequency and
2 bis the large peak in the frequency shift accompanied byissipation measurements performed with the QCM are a
alarge maximum in the dissipation, which occurs during thevery effective means of measuring the kinetics of lipid
adsorption of lipid vesicles on SONothing like this is  vesicle adsorption and of characterizing the adsorbed layers.
seen in the adsorption of the SUVs on oxidized or thiolated Our measurements demonstrate that lipid vesicle adsorp-
gold. Comparing the initial adsorption behavior on St0  tion occurs in a qualitatively different manner on each of
intact vesicle adsorption on oxidized gold strongly suggestshiolated gold, SiQ, and oxidized gold, that bilayer adsorp-
that the formation of the lipid bilayer on Si@s preceded by tion on SiQ, is preceded by the adsorption of a layer of
the adsorption of intact vesicles. Both adsorption measurentact vesicles, and that, on an oxidized gold surface, the
ments begin with a large and quantitatively similar decreas@reversible, stable adsorption of 25-nm-diameter vesicles is
in the frequency, accompanied by a large and rapid increagsossible.

in the dissipation. The initial similarity between the two

adsorption events is born out by the similarity in plots ofW thank Julie Gold for the XPS analvsis. Peter Brzezinski f .
PR . . P . e than ulie GO or the analysis, Peter brzezinski 1or access to
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